Introduction
============

Gastric cancer (GC), as a common gastrointestinal tumor, is one of the leading causes of cancer related mortality worldwide, particularly in East Asian countries, including China and Japan ([@b1-etm-0-0-5090]--[@b3-etm-0-0-5090]). Although surgical resection combined with adjuvant therapy has achieved advances, the 5-year survival rate remains less than 30%, causing unsatisfactory clinical outcome of GC patients ([@b4-etm-0-0-5090],[@b5-etm-0-0-5090]). The main reason is that most patients are diagnosed as unresectable advanced or metastatic stage ([@b6-etm-0-0-5090]), which make it difficult to improve the early diagnosis and effective treatment for GC. Currently, studies have shown that the initiation and development of GC is closely associated with a sequential accumulation of various molecular and genetic alterations ([@b7-etm-0-0-5090],[@b8-etm-0-0-5090]). Therefore, it is urgently needed to investigate the underlying molecular mechanisms of initiation and metastasis to develop appropriate approaches for improving its diagnosis and treatment.

Cadherins are members of a large family of transmemrane glycoproteins that play an important role in the maintenance of normal tissue architecture by mediating specific cell-cell adhesion, cell recognition and signaling ([@b9-etm-0-0-5090],[@b10-etm-0-0-5090]). Accumulating evidences have shown that perturbations in cadherins are implicated in tumor development, especially in invasion and metastasis ([@b11-etm-0-0-5090]) as putative products of tumor suppressor genes ([@b12-etm-0-0-5090]--[@b15-etm-0-0-5090]). For T-cadherin (T-cad, also known as CDH13 or H-cadherin) is a unique atypical glycosylphosphatidylinositol (GPI)-anchored member of classical cadherin superfamily, which lacks the highly conserved transmembrane and cytoplasmic domains ([@b16-etm-0-0-5090]--[@b18-etm-0-0-5090]). Recently, interest in the role of T-cad in human malignancies is increasing. T-cad has been found to be downregulated in lung cancer, ovarian cancer, bladder cancer, cervical and prostate cancer, but abundantly expressed in hepatocellular carcinoma and osteosarcoma ([@b19-etm-0-0-5090]). Moreover, T-cad could regulate progression of tumor types including breast, hepatic and skin carcinomas by modulating tumor cell proliferation and migration ([@b18-etm-0-0-5090]). In breast cancer, overexpression of T-cad markedly reduced cell invasive potential and growth rate ([@b20-etm-0-0-5090]). Wang *et al* demonstrated reduction of T-cad facilitated tumorigenicity in prostate cancer ([@b21-etm-0-0-5090]). Notably, T-cad could exert pleiotropic effects to promote tumor growth through different mechanisms on cancer cells *in vitro* and *vivo* ([@b22-etm-0-0-5090]). Although previous studies indicated T-cad is frequently deleted in human GC and decreased T-cad is associated with GC poor prognosis ([@b23-etm-0-0-5090],[@b24-etm-0-0-5090]), little is known about the biological effects of T-cad in GC.

In this study, we showed that T-cad was downregulated in GC tissues and cell lines. Then the effects of T-cad overexpression on the cell proliferation, cell cycle, migration and invasion were further evaluated in GC cells *in vitro*. Our data indicate that T-cad is involved in uncontrolled cell proliferation and invasion of GC cells by, at least in part, influencing cell growth and motility.

Materials and methods
=====================

### GC tissue specimens and cell lines

The GC tissue and adjacent noncancerous tissue were collected from patients who underwent surgical resection in our hospital. The fresh tissue samples were immediately snapped-frozen in liquid nitrogen and stored at −80°C for further analysis.

Human GC cell lines, MGC80-3, SGC-7901, AGS, HGC27 and normal human immortalized normal gastric epithelial cell line GES-1 were obtained from the Cancer Research Institution of China Medical University. All of these cell lines were cultured in RPMI-1640 medium (Hyclone, Logan, UT, USA) containing 10% fetal bovine serum (FBS; HyClone), 10 units/ml penicillin and 10 mg/ml streptomycin, and incubated in a 5% CO~2~ incubator at 37°C.

### T-cad overexpressing in GC cell lines

The plasmids for pcDNA3.1 and pcDNA-T-cadherin (pcDNA-Tcad; Invitrogen Life Technologies, Carlsbad, CA, USA) were purchased and respectively transfected into GC cell lines, MGC80-3 and AGS using Lipofectamine^®^ 2000 (Invitrogen Life Technologies) according to manufacturer\'s instructions. Then stably transfected cells were obtained and cultured for 48 h before confirming the expression of T-cad by qRT-PCR and western blotting.

### RNA isolation and qRT-PCR

Total RNA was isolated from tissues or cells using the RNeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer\'s instructions. The gene-specific primers were as follows: T-cad, forward: 5′-TTCAGCAGAAAGTGTTCCATAT-3′, reverse: 5′-GTGCATGGACGAACAGAGT-3′; GAPDH, forward: 5′-GACCCCTTCATTGACCTCAACTAC-3′, reverse: 5′-TGGTGGTGCAGGATGCATTGCTGA-3′. The qRT-PCR was performed on a Fast Real-time PCR 7500 System (Applied Biosystems Life Technologies, Foster City, CA, USA) by using SYBR-Green PCR Master Mix following the reaction procedure: 1 min at 95°C, 40 cycles of 95°C for 5 sec, and 60°C for 20 sec. Gene expression was normalized to the expression of GAPDH by the 2^−ΔΔCq^ method ([@b25-etm-0-0-5090]). Each experiment was performed in triplicate and repeated three times.

### Protein extraction and western blot

Total proteins were extracted from tissues or cells using RIPA lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China). Enhanced BCA Protein Assay Kit (Beyotime Institute of Biotechnology) was used to quantify the protein concentration. Then equivalent proteins of each sample were separated by SDS-PAGE on 10% polyacrylamide gels and transfered to polyvinylidene fluoride membranes (Millipore Corp., Billerica, MA, USA). The membranes were blocked in PBS containing 5% non-fat milk for 2 h at room temperature, and then incubated with primary antibodies, including anti-T-cad (1:1,000; Abcam, Cambridge, MA, USA), anti-CDK4, anti-Cyclin D1, anti-E-cadherin, anti-Vimentin and anti-GAPDH overnight at 4°C. After washing three times with PBS for 5 min, membranes were incubated with the corresponding horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. After washing, the target proteins were visualized by an enhanced chemiluminescence detection system. GAPDH was used as an internal control.

### Cell viability and colony formation assays

MTT assays were performed every day to determine cell viability in GC cells over the following 5 days. Briefly, cells were seeded in 96-well plates at a density of 2×10^3^ cells per well and incubated with 20 µl MTT (0.5 mg/ml, Sigma, USA) for 4 h at 37°C. Then, 150 µl dimethylsulfoxide (DMSO; Sigma, St. Louis, MO, USA) was added to dissolve the purple formazan crystals for 1 h. Finally, the absorbance of each well was read on an ELISA reader (Bio-Rad, Berkeley, CA, USA) at a wavelength of 595 nm.

For the colony formation assay, cells (500 cells per well) were cultured in 6-well plates after 48 h transfection. After 7 day culture, the cells were fixed in 4% paraformaldehyde and then stained with crystals purple (Sigma). Surviving colonies (\>50 cells per colony) were then observed and manually counted through a light microscope. Each experiment was performed in triplicate and repeated three times.

### Cell cycle assay

The cell cycle distribution was analyzed by flow cytometry using PI staining. Briefly, cells were seeded in 6-cm dishes after 48 h transfection at a density of 2×10^5^ cells per dish. Then cells were washed with cold PBS for three times and fixed in 70% ethanol at 4°C for 24 h. After washed with PBS again, cells were then stained with PBS containing 0.05 mg/ml of PI and RNase A (Beyotime Institute of Biotechnology) for 30 min in the dark. Then cells were determined for DNA content using a FACSCalibur (BD Biosciences, San Diego, CA, USA) and data were analyzed with the *ModFit* DNA software. Each experiment was performed in triplicate and repeated three times.

### Wound healing assay

For wound-healing-assay, cells were seeded into 6-well plates and culture overnight until grown to approximately 90% confluence. Then cells were scratched by a 10-µl sterile plastic tip in a definite array. After washing the well with PBS, the cells migrating into the wounded areas were observed and photographed under a fluorescence microscope at 0 and 48 h time points. The cell wound healing rate was evaluated by calculating the percentage of the wound area compared with the area of total cells. Each experiment was performed in triplicate and repeated three times.

### Transwell migration and invasion assays

The cell migration assay was performed using a Transwell chambers (8-µm pore size; Corning Inc., Acton, MA, USA). At 48 h after transfection, a total of 1×10^5^ cells were trypsinized and added to the upper chamber in serum-free medium, and culture medium containing 10% FBS was added into the lower chamber. After incubating for 24 h, the cells that migrated into the lower chamber were fixed with 4% paraformaldehyde and stained with crystal violet. Finally, cells were photographed and counted under a microscope. For the cell invasion assay, the procedure was similar to the cell migration assay, except the Transwell chambers were coated with 200 µl of Matrigel. Each experiment was performed in triplicate and repeated three times.

### Statistical analysis

All quantitative data were expressed as mean ± standard deviation (SD) of three independent experiments. Statistical analysis was performed using GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA). The differences between two groups were evaluated using the Student\'s t-test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Relative low levels of T-cad expression in GC tissues and cell lines

To investigate T-cad expression in GC, 8 pairs of GC and corresponding adjacent noncancerous tissues were collected and the basic clinicopathologic features of patients were summarized in [Table I](#tI-etm-0-0-5090){ref-type="table"}. Then these tissues were subjected to qRT-PCR and western blotting analyses. As shown in [Fig. 1A](#f1-etm-0-0-5090){ref-type="fig"}, the mRNA levels of T-cad were significantly downregulated in GC tissues compared with adjacent noncancerous tissues (P=0.0041). In line with this result, clearly decreased levels of T-cad protein were detected in all the tumors tissues in comparison to the paired noncancerous tissues ([Fig. 1B](#f1-etm-0-0-5090){ref-type="fig"}). In addition, we examined the expression of T-cad in several GC cell lines. As presented in [Fig. 1C and D](#f1-etm-0-0-5090){ref-type="fig"}, the levels of T-cad mRNA and protein in GC cell lines was much lower than that in normal GES-1 cells, of which MGC80-3 and AGS exhibited the lowest signals of T-cad than the other GC cell lines. These data suggested that T-cad might serve as a tumor suppressor in GC.

### Overexpression of T-cad suppressed cellular proliferation ability in GC cells

We successfully constructed stable clones overexpressing T-cad from MGC80-3 and AGS with lower signals of T-cad. As shown in [Fig. 2A and B](#f2-etm-0-0-5090){ref-type="fig"}, overexpression of T-cad in the two GC cell lines were confirmed by western blotting after transfection for 48 h. Then MTT and colony formation assays were performed to determine cell proliferation ability. The results showed that GC cell viability was dramatically decreased in T-cad overexpression group compared with the empty vector group in MGC80-3 ([Fig. 2C](#f2-etm-0-0-5090){ref-type="fig"}) and AGS ([Fig. 2D](#f2-etm-0-0-5090){ref-type="fig"}) cells after transfection for 4 and 5 days (P\<0.001). Consistent with the MTT assay, colony formation assay also indicated that T-cad overexpression led to an obvious reduction of colony number in MGC80-3 ([Fig. 2E](#f2-etm-0-0-5090){ref-type="fig"}) and AGS ([Fig. 2F](#f2-etm-0-0-5090){ref-type="fig"}) cells. Collectively, these findings supports that T-cad could inhibit cell proliferation in GC.

### Overexpression of T-cad induced cell cycle G0/G1 arrest in GC

Next, we investigated the mechanisms underlying the growth suppression effects of T-cad overexpression by analyzing cell cycle distribution of GC cells via a flow cytometer. As shown in [Fig. 3A](#f3-etm-0-0-5090){ref-type="fig"}, the percentage of cells in G0/G1 phase was significantly increased, but in S phase was remarkably decreased in T-cad overexpression group, compared with control and empty vector groups in MGC80-3 cells (P\<0001). Similar results were also found in AGS cells ([Fig. 3B](#f3-etm-0-0-5090){ref-type="fig"}, P\<0.001, P\<0.01). The data revealed that T-cad overexpression could arrest cell cycle at G0/G1 phase, which might be closely associated with growth suppression effects.

### Overexpression of T-cad reduced cellular motility, migration and invasion in GC

In addition to cell proliferation, we also performed wound-healing and transwell assays to determine the effects of T-cad on GC cell metastatic ability. As shown in [Fig. 4A](#f4-etm-0-0-5090){ref-type="fig"}, an evident acceleration in the wound closure rate was observed in control group or empty vector groups compared with cells following pcDNA-Tcad transfection. Quantitative analysis further demonstrated that the wound areas was significantly larger in T-cad overexpression group compared with control group or empty vector group in MGC80-3 cells after incubation for 48 h (P\<0001). In transwell assay, the number of migrated cells in pcDNA-Tcad group was significantly reduced compared with the control group or empty vector group MGC80-3 cells ([Fig. 4B](#f4-etm-0-0-5090){ref-type="fig"}, P\<0.05). Subsequently, cell invasion was determined and the results indicated that the invasive ability of MGC80-3 cells was remarkably suppressed by T-cad overerxpression ([Fig. 4C](#f4-etm-0-0-5090){ref-type="fig"}, P\<0.01). These consistent results suggested that T-cad could inhibit tumor cell migration and invasion in GC.

### Overexpression of T-cad regulated cell cycle and metastatic markers

To gain insights into the molecular mechanism of the tumor-suppressive effect of T-cad, we detected the expression alterations of some cell cycle regulators and motility markers using Western blotting. As shown in [Fig. 5](#f5-etm-0-0-5090){ref-type="fig"}, the expression levels of CDK4 and Cyclin D1, associated with G1-S transition, were obviously downregulated in pcDNA-Tcad group. Furthermore, inhibition of metastasis by T-cad overexpression resulted from downregulation of Vimentin and upregulation of E-cadherin. These results suggest that T-cad inhibits cell proliferation, migration and invasion might by regulating the expression of important markers involved in cell cycle, migration and invasion.

Discussion
==========

T-cad gene is a novel adhesion molecule found to map to chromosome 16q24, a region often exhibiting loss of heterozygosity in cancer including breast, prostate cancer and others ([@b26-etm-0-0-5090]--[@b28-etm-0-0-5090]). Recently, it has been reported to be an important independent prognostic predictor in GC. However, its potential biological role in GC remains not fully understood. In this study, we showed that the mRNA and protein expression levels of T-cad were significantly lower in the GC tissues and cell lines compared with controls, which is agreement with the previous reports about decreased T-cad in GC ([@b23-etm-0-0-5090],[@b29-etm-0-0-5090]). Furthermore, we performed gain-of-function assay on GC cells to investigate the biological effects of T-cad on cell proliferation, migration and invasion *in vitro*. It was found that the proliferative and motility activity of GC cells decreased by T-cad overexpression. Consistent with our data, most studies have shown that enhanced T-cad cDNA expression inhibited tumor cell growth, whereas T-cad silencing stimulated proliferation, invasion and metastasis in several *in vitro* and *in vivo* models ([@b22-etm-0-0-5090],[@b30-etm-0-0-5090]--[@b32-etm-0-0-5090]).

It has been suggested that T-cad may affect cell proliferation through regulating cell cycle progression, as demonstrated by Ivanov *et al* ([@b33-etm-0-0-5090]) and Zhong *et al* ([@b34-etm-0-0-5090]). To further investigate the underlying mechanism of the growth inhibition effect of T-cad, we determined whether T-cad overexpression had an impact on cell cycle distribution. As expect, T-cad overexpression induced cell cycle arrest at G0/G1 phase through downregulation of CDK4 and Cyclin D1 expression in GC cells. Interestingly, T-cad could negatively regulates the cell proliferation by inducing a delay in the G2/M phase in squamous carcinoma ([@b35-etm-0-0-5090]) and astrocytomas ([@b36-etm-0-0-5090]). The different cell cycle arrest mechanisms might be ascribed to different tumor types.

In addition, T-cad encodes a cell surface glycoprotein belonging to the cadherin family responsible for selective cell recognition and adhesion. In human tumors, cell-cell association is often disorganized and thought to be a cause of the unregulated invasion and metastasis behavior of tumor cells ([@b37-etm-0-0-5090],[@b38-etm-0-0-5090]). Therefore, we speculate T-cad might be associated with GC cell migration and invasion. As speculated, our results showed that T-cad overexpression suppressed GC cell migration and invasion by upregulating E-cadherin expression and downregulation the expression of Vimentin and MMP-2. E-cadherin, another of the cadherin family, is an essential adhesive tumor suppressor as the hallmark of epithelial-mesenchymal transition (EMT) ([@b39-etm-0-0-5090]). Recently, it was reported that loss of E-cadherin promotes tumor metastatic and DNA methylation-induced silencing is significantly correlated with increased invasive potential of melanoma cells ([@b40-etm-0-0-5090]). Moreover, a significant correlation was found between reduced levels of E-cadherin via promoter aberrant methylation and several poor prognostic factors, namely ulceration, head/neck localization, mitotic count, metastasis and reduced overall/disease-free survival in cutaneous melanoma. Likewise, these above poor prognostic factors are frequently associated with epigenetic downregulation of E-cadherin in mucosal or uveal melanoma ([@b40-etm-0-0-5090]). These evidences further demonstrated E-cadherin plays a crucial role in the events affeting melanoma progression and might be considered as a prognostic factor for melanoma. In addition, the promoter of E-cadherin frequently underwent hypermethylation in human GC accompanied by inactivation of T-cad, suggesting their positive correlation in GC ([@b41-etm-0-0-5090],[@b42-etm-0-0-5090]). Vimentin, as an intermediate filament during EMT, is required for facilitating mesenchymal cell migration ([@b43-etm-0-0-5090]). Given the evidence discussed, our findings of their correlation suggest that T-cad might play an important role in GC metastasis by positively regulating E-cadherin expression and negatively regulating Vimentin expression.

Collectively, our study revealed the preliminary biological function of T-cad in GC cells and found restoration of T-cad obviously suppressed GC cell biological behaviors by inhibiting cell proliferation and motility. Our studies suggest that T-cad might represent an important target for GC treatment. In addition, some additional limitations are presented in this study. Firstly, the mRNA determination of CDK4, Cyclin D1, Vimentin and E-cadherin levels following ectopic expression of T-cad was nor performed. Secondly, the luciferase assay was absent not to demonstrate whether T-cadherin directly or indirectly regulated these downstream molecules. Therefore, still further analysis of T-cad regulation in GC will be the aim of or future work.
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![T-cadherin is downregulated in GC tissues and cell lines. The mRNA and protein levels of T-cadherin in GC tissues and adjacent noncancerous tissues were determined using (A) qRT-PCR and (B) western blotting analyses, respectively. The (C) qRT-PCR and (D) western blotting were used to measure the mRNA and protein levels of T-cadherin in GC cell lines (MGC80-3, SGC-7901, HGC27 and AGS) and normal GES-1 cell line, respectively. Quantitative data were expressed as mean ± standard deviation of three independent experiments. GC, gastric cancer; N, adjacent noncancerous tissues; T, GC tissues; GAPDH serves as an internal control.](etm-14-05-4194-g00){#f1-etm-0-0-5090}

![T-cadherin inhibits GC cell proliferation. Overexpression of T-cadherin protein in transfected cell lines, (A) MGC80-3 and (B) AGS was confirmed by western blotting. MTT assay was used to measure cell viability in (C) MGC80-3 and (D) AGS after transfection with empty vector pcDNA or pcDNA-T-cadherin (pcDNA-Tcad). These data are shown as the mean ± standard deviation of three independent experiments. The size and number of colonies formed in (E) MGC80-3 and (F) AGS cells recorded under a light microscope. The representative pictures shown are from one of three independent experiments. \*\*\*P\<0.001 vs. control or empty vector pcDNA.](etm-14-05-4194-g01){#f2-etm-0-0-5090}

![T-cadherin arrested cell cycle at G0/G1 phase in GC cells. Flow cytometry was used to analyze cell cycle distribution in empty vector pcDNA or pcDNA-T-cadherin (pcDNA-Tcad)-transfected (A) MGC80-3 and (B) AGS cells. Left panel shows representative dot plots and right panels show the quantitative analysis. These data are shown as the mean ± standard deviation of three independent experiments. \*\*P\<0.01, \*\*\*P\<0.001 vs. control or empty vector pcDNA.](etm-14-05-4194-g02){#f3-etm-0-0-5090}

![T-cadherin suppressed GC cell motility, migration and invasion. (A) Wound-healing assay was used to evaluate motility of cells transfected with control, empty vector pcDNA, pcDNA-Tcad. The wound area was visualized and calculated at 1 and 48 h. (B) Cell migration transfected with control, empty vector pcDNA, pcDNA-Tcad was examined by transwell assay. (C) The cell invasive ability transected with control, empty vector pcDNA, pcDNA-Tcad was determined by Matrigel cell culture chambers. These data are shown as the mean ± standard deviation of three independent experiments. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001 vs. control or empty vector pcDNA.](etm-14-05-4194-g03){#f4-etm-0-0-5090}

![Effect of T-cadherin on markers associated with cell cycle progression and metastatic potential in GC. Western blotting was used to analyze the expression of CDK4, Cyclin D1, E-cadherin, Vimentin and MMP2 in MGC80-3 cells following control, empty vector pcDNA, pcDNA-Tcad transfection, respectively. GAPDH serves as an internal control.](etm-14-05-4194-g04){#f5-etm-0-0-5090}

###### 

The clinicopathologic factors of gastric cancer (n=8).

  Characteristics   Cases
  ----------------- -------
  Age (years)       
    \<50            5
    ≥50             3
  Gender            
    Male            2
    Female          6
  TNM stage         
    I, II           5
    III, IV         3
  Tumor site        
    Upper           2
    Middle          3
    Low             3
